Quantum friction
and fluctuation theorems

Diego A. R. Dalvit
Theoretical Division
Los Alamos National Laboratory

Work done in collaboration with
Francesco Intravaia (Berlin) and Ryan Behunin (Yale)

arXiv:1308.0712

A
» Los Alamos

Tuesday, March 4, 14



Outline of this Talk
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B (Some) previous quantum friction calculations

B Atom-surface interaction: equilibrium

@ Fluctuation-dissipation vs quantum regression
B Atom-surface interaction: non-equilibrium

@ Fluctuation-dissipation vs quantum regression

@ Moving oscillator

@ Moving two-level atom
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A variety of predictions (o
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@ Same result (electric dipole + Lorentz force)
@ dW/dt = —Fu,
Qh o0 o0 o krvg 3
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@ two- (multi-) level atom + master equation + QRT
d*Qy, [ .. 0% — 3&2 ,
Peutht ) i aptl
@ Same result SB e Same result as TW+VP+DK
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Equilibrium case - Los Alamos

@ Zero temperature [ = ()

@ Uncorrelated initial atom+field/matter

p(0) = pa(0) @ e (0)

@ Ground state atom + vacuum field/matter _

@ Electric field operator

E(r,t) = (H / dw/ dre TG, (r,rq,w) - d(t — 7) + h.c.

@ Normal force on the atom

A

Re{22 / i / dre= Ty | d(t)él(t—7)>-5’2G1(ra,ra,w)]}

Cis(t,t —7) = (di(t)d;(t — 7))
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Fluctuation-dissipation theorem .io:aiamos

@ Stationary (t — o0) H(00) = prms X L
density matrix of coupled system
(Kubo-Martin-Schwinger)

@ Large time correlator Cii(t) =tr {Ji(O)ch(—T)ﬁKMs}

@ Fluctuation-dissipation (FDT)

power spectrum polarizability
Sw) =0 [ drere) o(r) = (i/m6(r)tr{[d(0), d(~)prs)
@ Stationary vdW-CP force

h

Fep = — / dle“{Q(Zf) ' (‘LQ(ra, Ta, 25)}
T Jo
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Quantum regression ““theorem” . io:atamos

@ Onsager regression theorem: The average regression of fluctuations obeys the
same laws as the corresponding irreversible process

@ Quantum regression hypothesis (aka “theorem”, QRT)
C(t,t —7) = {(d(t)d(t — 7)) = (d?(t))e " wa™a/2T

* Validity of QRT: weak system-bath coupling, near resonance

@ FDT and QRT predict different decay of correlations

- “Short” times (77, < 1):exponential decay QRT = FDT
- “Large” times (774 > 1 ):power-law decay QRT # FDT

* QRT predicts the wrong vdW/CP force

Fop = / T dem {@(if) +2@(—z‘£) | c‘Lg} a(i€) = (dd/h)[(w? + i€ — iva/2)""
"o +(w; + i€ +iva/2) "]
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Non-equilibrium case Los Alamos

Frie(t) = (d(t) - 0, B(ra(t), 1)) <«—(l)—> Fuxe(t)

@ Ground state atom Vg,

<
o (1) — {(xa,ya,za) fort <0

(g + Vat, Ya, 2q) for t >t

maja(t) = Foxt (t) + Fy (t)

@ Stationary (¢ — oo) frictional force

2 d’k > > -
Fiie = Re {—/ 21%/ dw/ dTe_Z(w_k"”“‘”)TTr[Q(T; ve) - Gk, za,w)]}
(27) 0 0

s

Qz‘j(T; V) = tf{czi(o)‘jj(_T)ﬁ(OO)}
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Non-eq FT and quantum friction - Lo tmes

@ No general results as in the equilibrium case  p(co) = 777

However, it is still possible to draw general conclusions
about the frictional force in the low-velocity limit.

@ Non-equilibrium power spectrum  S(w;vy) = (27T)_1/ dre™ ™ C(T;vy)

— OO

d?k >C
Frpic = —2/ (27T)2kx/() dw Tr[S(kzve —w;v,) - Gr(k, 24, w)]

@ Small velocity analysis: no linear-in-v terms

- Contributions from S (—w;v,) cancel upon integration over &,
- Contributions from Sy (k;v, — w;0) — equilibrium FDT!

vdWV regime:
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FTD vs QRT and q.friction (o

@ The exact FDT predicts a stationary frictional force at zero temperature
that scales (at least) as velocity cubed, independent of the model for the atom’s

polarizability.
@ In contrast, QRT gives a linear-in-velocity stationary frictional force

Using the QRT for the correlator in the static case, C(t, t — 7-) — <d2 (t)>e_i(wa_i7a/2)T

d?~ d’k > W+ w
F3 ~ o, / k2/ a Tr[G; (k, 24
fric v 37 (27‘(’)2 x 0 [(w+wa)2+72/4]2 r[_I( 5 < 7(*‘})]

@ However, in the weak coupling limit (7, — 0)

QRT = FDT
Ffric X exp(_l/vx)
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Moving harmonic oscillator Lok Alamos

Wa ; =
—td - B(r, (1), 1)

@ Dipole moment El = dq (j(t) + wg(j(t) —

@ Dynamic polarizability of moving atom
~1

h

2Wq 2Wq d*k
Qi (Wsvz) = %didj [—w2+w2— W /(27T) d -Gk,w+ kyv;)-d

Non-equilibrium FDT in classical
models have the same form

J(w;vg) :/ 'k O(w) — O(w + kpvy)] a(w;ve) - Gk, w + kpvy) - o (w;vz).

(27)°
@ Using S(w;v;) one can reobtains | F}..~ — 458 oy (2, O)A/I(())@
25672¢q 27
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Moving two-state atom (o hranas

© Dipole moment d =dé&;  61(t) + w261 (t) = —(2wa/B)&5(t)d - E(re(t), t)

@ No exact solution for the TSA ——> We use perturbation theory in
powers of the dipole coupling

@ Perturbative dynamic power spectrum

h d’k «
S(w,vz) = — / (2W>29(w + ko) a(w; vg) - Gr(k,w + kpvy) - o (w3 vz)

@ Perturbative dynamic polarizability

Q(w§ U:c) — dd[w

* dw' w? y(w', vy)
12

2 d’k
Y(w;vg) = > / sign(w + kyv)d - Gk, zq;w + kpvy) - d A(w;vg) = 2P/

(2m)? 0 T wlw?-—w

@ Quantum frictional force
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Conclusions . Los Alamos

@ Atom-surface quantum friction from general non-equilibrium stat. mech.

@ QRT # FDT
@ Non-equilibrium FDT predicts a cubic-in-v frictional force

@ At high temperatures (classical limit), QRT = FDT |, and linear-in-v friction

@ Same analysis possible for quantum friction between macroscopic bodies

@ Note:all the above is valid in the true stationary, long-time limit, after all
transients have died out. For shorter times, the atom-friction force is linear-
in-v, in agreement with (some) previous calculations
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